Abstract. We present the results of the analysis of annual variations in daily electron density (N) at heights 140-160 km for the last solar minimum (2007)(2008)(2009) obtained from digisonde measurements at the ionospheric station Irkutsk (52° N, 104° E). New coefficients of the known semi-empirical model (SEM) describing the connection between N and thermospheric characteristics are calculated to identify regularities of these variations. We have revealed that a characteristic feature of the annual N variations during the solar minimum is a change in their phase by 180° in a relatively narrow altitude interval (170-180 km). These results and the new SEM coefficients are original and important for atmospheric and ionospheric physics.
INTRODUCTION
Parameters of the electron density profile N(h) at F1-layer heights (120-200 km) are rigidly associated with the state of the thermospheric neutral gas [Shchepkin, Klimov, 1980] , therefore the electron density N at these heights should be controlled not only by the solar zenith angle, but also by concentrations of the main gas particles and their temperatures. At these heights, aeronomy characteristics change rapidly: there are large gradients of the neutral gas temperature and rapid changes in electron and ion temperatures. Features of this height interval are manifested themselves in the formation of the F1 layer, in peculiar time variations of the N(h) profile, and also in the dependence on solar and geomagnetic activity level. It is convenient to consider such N variations using calculations made with the semi-empirical model (SEM) developed by the authors [Shchepkin et al., 1997] , which describes the electron density as a function of thermospheric conditions with easily identified seasonal and diurnal variations under different solar and magnetic activity levels.
The purpose of this work is to analyze annual variations in the electron density N at F1-layer heights (140-200 km) during the 2007-2009 solar minimum. We examine deviations of calculated N values from experimental ones in various months of these years and discuss their possible causes. Note that results of the calculations are valid for the neutral atmosphere model NRLMSISE-00 we adopt [Picone et al., 2002] .
MODEL CALCULATIONS
At fixed F1-layer heights, N values can be described with the help of analytical relation [Shchepkin et al., 2005 [Shchepkin et al., , 2007 [Picone et al., 2002] , χ is the solar zenith angle, E is the integral intensity of ionizing radiation flux, E 0 corresponds to E in solar maximum. E values are computed with the model [Tobiska, Eparvier, 1998 ]. To obtain x j of equation (1) Hence we obtain coefficients of fitted equation (1) for the station Irkutsk at solar minimum, which contribute greatly to the current SEM version (Table 1) . Table 1 Coefficients in fitted equation (1) N cal (D) curves of one type are transformed into curves of another type near 170 km. Near this height, annual N variations change its phase by 180°. Here, the lowest amplitude of annual variations is observed. These changes in the shape of the N cal annual variations are caused by height variations in gas composition occurring against a change in the dependence of ionospheric charged particle neutralization rates on electron density. Table 3 (a, b). Note the winter (February) excess of N cal over N exp in forenoon hours at 150 km, and also in morning hours at 190 km. These phenomena can be associated with calculation errors at >70° solar zenith angles and may be related to features of the deviation of gas composition from its model description [Shchepkin et al., 2008] . At low heights 140-160 km, the lack of data can be explained by the fact that at low solar activity with winter minimum N values they become small and unreliable.
CONCLUSION
SEM allows us to examine the behavior of the ionosphere at heights below 200 km, where the photochemical equilibrium condition holds in daytime.
The coefficients of the semi-empirical model regression equation we have obtained in this work correspond to the specific conditions of the last solar minimum (2007) (2008) (2009) and are an important additional feature of this model. We have used these coefficients to calculate and analyze annual electron density N variations at F1-layer heights at the station Irkutsk. The most characteristic feature of the electron density variations during this period is a change in the phase of annual variations by 180° in a relatively narrow height interval (170-180 km) with the lowest annual variations of daytime N.
Further work with the accumulated experimental data will allow us to develop a more complete version of SEM for different solar activity levels. Such a model is important in particular for the estimation of thermospheric gas composition at F1-layer heights from ionospheric measurements.
